Halogenation of organic substrates,a lthough relatively rare,i sakey process in the biosynthesis of natural products and the post-translational modification of proteins, [1] typically proceeding through the activation of otherwise inert CÀH bonds.T hey have attracted considerable attention because such reactions are of immediate interest and relevance to pharmaceutical development and biotechnology.I nn ature, halogenation is achieved primarily by (vanadium-and hemedependent) haloperoxidases and (nonheme Fe II -dependent) halogenases,w hich use H 2 O 2 and O 2 ,r espectively. [2, 3] The precise operation of this wide range of enzymes is amatter of continuing interest both for biological reasons and for the potential application of biomimetic complexes in CÀH activation and biotechnology
Halogenation of organic substrates,a lthough relatively rare,i sakey process in the biosynthesis of natural products and the post-translational modification of proteins, [1] typically proceeding through the activation of otherwise inert CÀH bonds.T hey have attracted considerable attention because such reactions are of immediate interest and relevance to pharmaceutical development and biotechnology.I nn ature, halogenation is achieved primarily by (vanadium-and hemedependent) haloperoxidases and (nonheme Fe II -dependent) halogenases,w hich use H 2 O 2 and O 2 ,r espectively. [2, 3] The precise operation of this wide range of enzymes is amatter of continuing interest both for biological reasons and for the potential application of biomimetic complexes in CÀH activation and biotechnology.I th as been proposed that nonheme iron halogenases react through radical pathways by transferring halide atoms (XC), whereas haloperoxidases instead use X + in an electrophilic mechanism.
[1c, 3, 4] For example,i th as been proposed that in the case of the heme haloperoxidases the reaction proceeds through formation of an Fe IV =Ospecies,which reacts with ahalide anion to form an Fe III -OX complex.
[1c] TheO Cl À ion formed can then react directly or dissociates and is protonated to generate HOXin proximity to substrates.Incontrast, nonheme iron-dependent halogenases are expected to generate Fe IV = Os pecies and engage in hydrogen abstraction from alkanes followed by attack by an iron-bound chloride atom equivalent.
However,major gaps remain in our understanding of the catalytic mode of action of these enzymes because of the rarity and the lack of spectroscopic data on species formed during their catalytic cycles. Notwithstanding the characterization of ah eme iron(III) hypohalite by Fujii et al. [7] and Woggon and Wagenknecht, [8] and the tentative assignment of an intermediate as anonheme Fe II -OCl species by Banse and co-workers [9] (both carried out by UV/Vis absorption spectroscopy in non-aqueous solutions), the absence of spectroscopic data on such species contrasts markedly with the wealth of data assembled regarding heme and nonheme high-valent Fe IV =Oc omplexes. [10] This scarcity of spectroscopic data limits our ability to identify the formation of such species under biologically relevant conditions and evaluate their kinetic competence in halogenation reactions.
Herein, ac ombined experimental and computational study is reported that identifies for the first time the formation of ab iomimetic nonheme iron(III) hypohalite complex, that is,[ Fe 2+ (Scheme 1) [11, 12] upon reaction with NaOCl or NaOBr at room temperature.
[13] TheF e III -OX species was found to undergo subsequent slower conversion into ar elatively stable Fe IV =Oa nalogue within several minutes.
Between pH 1a nd 6, the UV/Vis absorption spectrum of [Fe II (OH 2 )(MeN4Py)] 2+ exhibits moderately strong visible absorption bands at circa l = 387 and 490 nm ( Figure 1a )that can be attributed to singlet metal-to-ligand charge-transfer transitions ( 1 MLCT).
[11b] Addition of 0.5 equiv of the twoelectron oxidant NaOCl (at pH 2.9) resulted in an ear complete loss of absorption in the visible region of the spectrum, with an isosbestic point obtained at approximately l = 330 nm within 120 satroom temperature ( Figure 1a) . No significant concomitant increase in absorption was detected at longer wavelengths ( Figure 1b) . These changes are consistent with an overall one-electron oxidation to form the corresponding Fe III -OH complex.
[11b,c] Indeed, aw eak absorption band at circa l = 480 nm remained and the characteristic EPR spectrum of al ow-spin Fe III complex was detected ( Figure 1a ,i nset). This spectrum corresponds to the spectra of [Fe III (OH)(MeN4Py)] 2+ .
[11c]
Addition of af urther 0.5 equiv of NaOCl ( Figure 2a ) resulted in an initial increase in absorbance at l = 480 nm (e > 500 m À1 cm À1 ). [14] After it had reached am aximum, the absorbance at l = 480 nm then decreased concomitant with an increase in absorbance at l = 670 nm (Figure 2b) . Similar (0.5 mm)a tpH2.9 at given time intervals after addition of NaOCl (0.5 equiv) at room temperature. Inset in (a): EPR spectrum obtained from af lash-frozen( to 77 K) sample taken 300 safter addition of NaOCl. b) Change in absorbanceatl=480 and 670 nm plotted against log(time). Figure S2-7 ), both at pH 2.2 and also at pH 3. 6 . Indeed the only differences observed were in the rates and the extent of the individual processes.
Thed ifference in the time dependence of the change in absorbance at l = 480 and 670 nm confirms that the two absorption bands correspond to distinct species.T he absorbance at 670 nm is attributed to an Fe IV = Oc omplex. This assignment was confirmed by comparison of electrospray ionization mass spectrometry (ESIMS), 1 HNMR ( Figure S8 ) and resonance Raman (rR) spectroscopy (Fe IV =O; n s = 843 cm À1 ), [15] and other data with an independently prepared sample of [Fe IV (O)(MeN4Py)] 2+ .T he formation of the Fe IV = Os pecies,f urthermore,i sc onsistent with the earlier observations by Banse and co-workers of the reaction of related Fe II complexes with NaOCl. [9] It is apparent from the changes in the UV/Vis absorption spectrum that the intermediate species [7] and are characteristic of low-spin iron(III) complexes.T he intensity of all signals decreases over time (Figure 3b ,w hich was confirmed by 1 HNMR ( Figure S8 ) and rR spectroscopy (Figure 4) 
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Chemie to 628 and 562 cm À1 ,r espectively,w as also observed as expected. Theb and at 653 cm À1 (which shifts to 628 cm À1 )i s characteristic of an Fe À Os tretching mode and the band at 580 cm À1 is typical of an O À Cl stretching mode. [7] The detected shifts of 25 and 18 cm À1 ,r espectively,a re close to those expected for an FeÀOb ond (29 cm À1 )a nd OÀCl (23 cm À1 )m odes.N otably,t he band at 673 cm À1 is unperturbed by the use of Na 18 OCl but undergoes ashift (from 673 to 676 cm À1 )w hen NaOBr was used [16] (Figure S15 ), which is consistent with the assignment of the band as as ymmetric Fe-O-Cl bending mode.T he resonance Raman spectrum of [Fe III (OCl)(MeN4Py)] 2+ was calculated by DFT methods (Figure S16 and S17). Thec alculated spectrum shows that although these vibrations involve alarger part of the complex than the Fe-O-Cl core,t he assignment of bands to Fe-O-Cl stretching and bending vibrations is,toafirst approximation, reasonable.
Taken together, the spectroscopic data confirms the formation of the complex [ Figure S18 ). DFT calculations were carried out using models and methods benchmarked and calibrated earlier [17] 
Zuschriften is,the formation of hypohalites by reaction of Fe IV =Ospecies with halides,i sg enerally viewed as ak ey step in the halogenation of organic substrates.
[1] In the case of iron halogenases the formation of intermediate Cl-Fe IV = Ospecies have been proposed in which the Fe IV =Om oiety abstracts ah ydrogen atom followed by attack of the carbon radical formed on the bound chlorido ligand. [2] Thus,the observation of an Fe III -OCl species and of apathway to apotentially CÀH-abstracting Fe IV = Ot hat involves concomitant formation of ac hloride radical holds implications in regard to our understanding of the mechanisms by which iron haloperoxidases and halogenases operate.F urthermore,a lthough Fe III -OCl species can be detected, it is clear that such species are at best transient and may be regarded as spectroscopically analogous to the corresponding Fe III -OH and Fe III -OOH complexes.The key differences between the UV/Vis absorption, rR, and EPR spectra of these species reported herein provides an important basis of spectral characteristics with which to identify such species if present as components in the biosynthesis of halogenated natural products.
Keywords: EPR spectroscopy ·h ypochlorite ·iron · metalloenzymes ·R aman spectroscopy 
